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listed as endangered [8] and illegal 
gold mining resulting in increased 
turbidity and mercury contamination 
has severely degraded the type locality 
and much of its presumed former range. 
Compounding the problem, much of 
the surrounding terrestrial habitat is 
also under increasing threat from both 
legal and illegal logging. Conservation 
of this evolutionary enigma needs to be 
prioritized and the remaining habitat in 
which it can survive needs to be urgently 
protected. The evolution, development, 
and maintenance of lunglessness in this 
frog will become important research foci. 
How complete loss of lungs evolves and 
under what kind of selective pressures 
and genetic mechanisms has been 
well debated in salamanders [9,10]. 
However, these are still open and more 
manageable questions for an aquatic 
primitive frog. To better understand the 
extinction risk and endangered status 
of this species, a much more complete 
assessment of potential habitats needs 
to be surveyed and the exact geographic 
range for the species should be mapped. 
In addition, virtually nothing is known 
about how these frogs reproduce, eat 
and escape predation. Further studies, 
however, may be hampered by the 
species’ rarity and endangerment. We 
strongly encourage conservation of the 
remaining habitats of this species.
Supplemental data
Supplemental data including experimental pro-
cedures are available at http://www.current-
 biology.com/cgi/content/full/18/9/R374/DC1
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Figure 2. Anatomy of lunglessness.
Comparison of (A) typical frog mouth and pharynx (Rana catesbeiana), showing glottis 
(circled), tongue, and esophageal opening, and (B) B. kalimantanensis showing tongue, no 
glottis (circled), and an enlarged esophageal opening leading directly to the stomach. Role of fungi in the 
biogeochemical fate 
of depleted uranium
Marina Fomina1, John M. Charnock2, 
Stephen Hillier3, Rebeca Alvarez4, 
Francis Livens4  
and Geoffrey M. Gadd1,*
The testing of depleted uranium (DU; a 
97.25% U:0.75% Ti alloy) ammunition 
and its use in recent war campaigns in 
Iraq (1991 and 2003) and the Balkans 
(1995 and 1999) has led to dispersion 
of thermodynamically unstable DU 
metal into the environment [1–3]. 
Although less radioactive, DU has 
the same chemotoxicity as natural 
uranium and poses a threat to human 
populations [1]. Uranium tends to 
form stable aqueous complexes and 
precipitates with organic ligands [4], 
suggesting that living organisms could 
play an important role in geochemical 
transformations and cycling. Fungi 
are one of the most biogeochemically 
active components of the soil 
microbiota [5], particularly in the 
aerobic plant-root zone. Although the 
mutualistic symbiotic associations 
(mycorrhizas) of fungi with plants 
are particularly important in mineral 
transformations [5], fungal effects on 
metallic DU have not been studied. 
Here, we report that free-living and 
plant symbiotic (mycorrhizal) fungi can 
colonize DU surfaces and transform 
metallic DU into uranyl phosphate 
minerals. 
Fungal interactions with DU were 
studied in microcosms simulating 
a heterogeneous environment 
(Figure S1A in Supplemental Data, 
published with this article online). 
All tested fungi exhibited high DU 
tolerance and were able to colonize 
DU surfaces, forming moisture-
retaining mycelial biofilms (Figure 
S1A–D). The fungi also often formed 
cord-like mycelial structures through 
aggregation of longitudinally aligned 
hyphae (Figures 1A,B and S1F,G), 
commonly interpreted as a survival 
response to metal stress [6]. 
DU coupons (triangular sectors of 
DU alloy of approximate dimensions 
15 mm x 15 mm x 11 mm, and 5 mm 
height, and approximately 6.5–8.5 g in 
weight) in the microcosms underwent 
aerobic corrosion forming black 
and yellow decomposition products 
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R376(Figures 1A,B and S1B–D). Metallic 
uranium reacts with water to form 
mixtures of uranium oxides (UO2+x) 
with the U oxidation state ranging from 
U(IV) to U(VI) [4]. Aerobic corrosion 
of DU was facilitated by the fungal 
biofilms, which retained moisture 
on DU surfaces (Figures 1A,B and 
S1B,C). DU-colonizing fungi were able 
to overgrow DU corrosion products 
(Figures 1A,B and S1B,C,G,H). When 
interacting with metallic DU and its 
corrosion products, hyphae and 
hyphal aggregates often developed 
a yellow colouration, demonstrating 
uranyl migration within the mycelial 
system (Figures 1A,B and S1C). Over a 
3- month incubation, fungal-corroded 
DU coupons showed weight-loss 
values of 5.5–8%, which did not differ 
significantly between the different test 
fungi. 
During the initial phases of DU 
decomposition it was impossible to 
distinguish between the impact of 
abiotic and biotic factors. However, we 
found both acidification and chelation 
to be involved in the dissolution 
of DU corrosion products. All the 
test organisms could acidify agar 
medium to pH3–4, while DU- exposed 
fungi excreted low molecular weight 
carboxylic acids (including gluconic, 
oxalic, succinic, malic, and formic 
acids), with the spectrum varying with 
different species. Oxalic acid, a strong 
metal chelator [6], was produced by 
DU-treated fungi to 0.05–1.4 mM, 
and DU appeared to promote oxalate 
excretion. The role of oxalate in ligand-
promoted DU dissolution may be more 
significant than acidification, and 
most DU-exposed fungi (Beauveria 
caledonica, Hymenoscyphus ericae 
and Rhizopogon rubescens) showed 
increased accumulation of uranium 
with increasing amounts of excreted 
oxalate.
Metal immobilization can assist 
mineral dissolution processes and 
DU-exposed fungi demonstrated 
a remarkable ability to accumulate 
mobilized uranium in their biomass 
(300–400 mg U per g dry weight). 
Environmental scanning electron 
microscopy (ESEM) coupled with 
energy dispersive X-ray microanalysis 
(EDXA) revealed extensive uranium 
biomineralization (Figures 1C,D 
and S1E–H). Individual hyphae and 
cord- like aggregates were covered 
with polycrystalline sheaths (Figure 
S1F–H) in which the uranium 
was found to be associated with 
phosphorus. Extensive uranium 
biomineralization occurred in all parts 
of the fungal colonies, from those 
regions adjacent to the DU coupons 
(Figure 1C,D) to even remote marginal 
edges.
Figure 1. DU colonization and transformation by Hymenoscyphus ericae. (A,B) Interactions 
of cord-like aggregated hyphae with black DU decomposition products. (C,D) Cryo-scanning 
electron microscopy (SEM) images of fungal mycelium taken from an area of the colony fur-
thest away from the DU coupon, showing encrustation of hyphae with tabular uranium precipi-
tates associated with phosphorus. Scale bars are (A) 2 mm, (B) 500 mm, (C) 20 mm, (D) 1 mm.
Synchrotron-based X-ray absorption 
spectroscopy (XAS) and X-ray powder 
diffraction (XRPD) were used to 
characterize the chemical state of 
uranium within DU corrosion products 
and biomass (Figure S2). Black 
corrosion products (Figures 1A,B 
and S1C) were found to be poorly 
crystallized and/or a fine- grained 
mixture of uranium (U(IV) and U(VI)) 
oxides and matching UO2 and 
possibly U3O7 reference compounds 
(Figure S2B). XAS of the DU corrosion 
products that were turning from 
black to yellow identified the majority 
of the uranium being present as 
U(VI) (uranyl) species (Figure S2A). 
Uranium dioxide (UO2) is unstable in 
an oxidizing environment and oxidizes 
to U(VI), making uranyl-hydroxy 
hydrate minerals — e.g. schoepite 
and metaschoepite — the primary 
products of aerobic DU corrosion 
[7]. Some DU decomposition 
products located adjacent to the 
fungal mycelium showed X-ray 
absorption near edge (XANES) spectra 
consistent with uranyl coordination 
by carboxylate ligands, suggesting 
the involvement of fungal carboxylic 
acids in DU decomposition. XAS of 
biomass exposed to DU showed 
uranyl coordination to phosphate, 
with a peak in the Fourier transform 
at ~3.5 Å, characteristic of U–O–P 
linkages, while XRPD revealed that 
the crystalline U precipitates on 
mycelia were the meta-autunite 
group mineral(s), uramphite and/or 
chernikovite (Figure S2B).
Our findings have provided a 
new insight into likely geochemical 
pathways for DU in the environment 
and highlighted a role for fungi 
in DU transformations (Figure 2). 
Fungi are particularly important in 
the soil, especially those soils that 
are metal- rich and acidic, while the 
majority of terrestrial plant species 
depend on symbiotic mycorrhizal 
fungi. We have shown for the first 
time that fungi can transform metallic 
uranium into meta-autunite minerals, 
which are capable of long-term 
uranium retention [8]. Thus, an 
important geochemical consequence 
of fungal DU decomposition is the 
formation of more thermodynamically 
stable uranyl phosphate minerals. 
This phenomenon could be relevant 
to the future development of various 
remediation and revegetation 
techniques for uranium-polluted 
soils. 
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Supplemental data including details on 
microcosm design, DU decomposition and 
uranyl phosphate mineral formation, and other 
experimental procedures are available at 
http://www.current-biology.com/cgi/content/
full/18/9/R375/DC1
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